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Abstract
Silicon Quantum Dots (Si-QDs) embedded in dielectric matrices are being pursued as possible candidates for third
generation solar cells. In this regard achieving higher QD density and control over size is of prime importance.
Amorphous hydrogenated silicon nitride (a-SiNx:H) is an attractive host for Si-QDs and can be used as an anti
reflection coating due to the possibility of tuning its refractive index and bandgap. Irradiation of these films with
energetic ions holds promise as a means to achieve greater control over density and size distribution of the embedded
Si-QDs. We report on the effects of irradiation on structural and optical properties of Si rich a-SiNx:H films with 
100MeV Ni7+ ions. The films undergo compaction with increasing fluence. The structural changes due to irradiation 
and subsequent changes in the reflectance and luminescence are correlated.
© 2012 The Authors. Published by Elsevier Ltd.
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Introduction
Si QDs are one of the many nanoscale systems being pursued for third generation photovoltaic devices 
because of the evolution/modification of their properties by virtue of the Quantum Confinement Effect.
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These devices are expected to bring down the cost per Watt by addressing the various loss mechanisms 
associated with existing solar cells and by bringing down the costs involved in material synthesis. Si-QDs 
embedded in a dielectric matrix forms an attractive system because of the surface passivation and 
structural rigidity they provide to the Si nanostructures. Moreover the methods of their synthesis are 
compatible with the existing CMOS technology so that research in these materials could be quickly 
applied for mass production. Two dielectric materials that have received attention as possible host 
matrices are silicon oxide and more recently silicon nitride. In view of applications in solar cells silicon 
nitride has certain advantages over silicon oxide which makes it a better contender for the choice of a host 
matrix. Firstly, a-SiNx:H has a narrower gap compared to SiO2, thus presenting a smaller barrier charge 
for carrier transport across QDs and matrix (this also means that for a given photovoltaic current, a lower 
density of QDs in silicon nitride would be required compared to that required when SiO2 is used). 
Secondly, conventionally, Si-rich SiO2 (SRSO) films, deposited by chemical vapour deposition are 
annealed at high-temperatures to nucleate Si-QDs [1] which could possibly limit device oriented 
fabrication. In contrast a-SiNx:H matrix offers the advantage of relatively easier phase separation, as in-
situ formation of Si nanostrucutures has been reported when a-SiNx:H is used as host matrix [2, 3]. 
Thirdly, QD related bandgap tuning has been demonstrated in Si-QDs embedded in a-SiNx:H system [4].  
Phase separation, followed by a control over QD size and distribution are the key issues to be 
addressed to meet the requirements of 3rd Generation solar cells. Understanding the phase separation 
process is essential as it has a direct bearing on the defects at the Si QD matrix interface which tend to 
trap the photo generated carriers. Also, phase separation process determines the crystalline/amorphous 
nature of QDs which assumes importance in view of the fact that crystalline QDs are desirable for higher 
yield of photo-generated carriers. The Silicon rich silicon nitride (SRSN) films prepared by Plasma 
Enhanced Chemical Vapour Deposition (PECVD) contain hydrogen in them due to Ammonia and Silane 
precursors used. The inadvertent presence of hydrogen in these films apart from acting as a passivant for 
defects [5] also enables structural rearrangement during post deposition treatments. In fact in our previous 
work we find that the Hydrogen concentration is a key parameter that determines the phase separation in 
these films [2].  On the other hand increasing the dots density would increase the yield of photo-generated 
carriers as well as increase the carrier mobility (tunnelling) due to the overlap of QD wavefunctions. 
Precise control over the size of the QDs would enable designing structures that can address thermalization 
losses in solar cells. In this work we study the evolution of the structural and optical properties of SRSN 
thin films upon irradiation with Swift Heavy Ions. Though there are a few reports on the effect of SHI on 
the phase separation in SRSO [6, 7, 8], SHI induced phase separation in SRSN is not well understood. 
High temperatures, exceeding those attained during traditional treatments like furnace annealing, Rapid 
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thermal annealing etc. can be reached during SHI. Apart from this, heating is very much localised and 
transient, and the sample as a whole remains at a relatively low temperature [8]. This localised heating 
along with the fact that ion trajectories can be steered with accuracy holds promise for future devices. The 
aforementioned reasons make it worthwhile to the study the effects of SHI on SRSN. 
 
Nomenclature 
QDs   Quantum Dots 
QCE        Quantum Confinement Effect  
a-SiNx:H      Amorphous hydrogenated silicon nitride 
SRSN   Silicon rich silicon nitride 
SRSO   Silicon rich silicon oxide 
FSHI   Swift Heavy Ion Irradiation 
 
 
Experimental details 
 
SRSN thin films were deposited using SRSN thin film samples were deposited on, p-type Si (100), 
(PECVD: SAMCO PD-2S) technique. This system uses rf (13.56 MHz) power to maintain a glow 
discharge and produce ionised species necessary for thin film growth. Silane (SiH4) (4% in Ar) and 
ammonia (NH3) were used as precursor gases. During deposition the substrate temperature, chamber 
pressure and plasma power were maintained at 200 oC, 1.7 mbar and 25 W, respectively. The gas flows 
were varied to get samples of different compositions and thereby showing different luminescence under 
excitation with a laser. Room-temperature PL measurements were carried out using three different 
excitation sources having different wavelengths; 337 nm (Exc=3.70eV) pulsed nitrogen laser (pulse 
frequency 200 Hz, JSC Plasma Inc,). Ultraviolet/Visible (UV-Vis) spectroscopy (UV3600: Shimazdu) 
was carried out to record the normal incidence reflectance spectra of the deposited thin films. The ASD 
samples having dimension 10×10 mm2 were irradiated with 100 MeV Ni ions by using a 15 UD Pelletron 
Accelerator at the Inter University Accelerator Centre, New Delhi, India. The samples were irradiated at 
room temperature under a chamber pressure better than 10-7 Torr. The beam was magnetically scanned 
normal to the sample surface in order to irradiate the sample surface uniformly with a fluences ranging 
between 1E12 to 1E14 ions/cm2. Residual gas analysis was carried on a separate SRSN sample in order to 
identify the volatile species evolving out of the samples during ion irradiation.  
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Fig.1. (a) Si-2p core level XPS Spectra deconvoluted into 5 peaks. Peak 1 and 2 correspond to elemental Si, peaks 3 
to 5 correspond to Si3N4, SiONx, SiO2 environments respectively. (b) HRTEM image showing Si QDs dispersed in a-
SiNx:H matrix. Inset shows the corresponding SAD pattern. Diffuse rings show that the QDs are amorphous in 
nature. 
Results and Discussion 
The as-deposited sample was characterized by X-Ray Photoelectron spectroscopy. Figure1 shows the 
Si 2p core level spectra of the as deposited SRSN thin film. The experimental data is deconvoluted as per 
the method adopted by Karcher et al.[9], into five peaks representing the chemical shifts in the Si 2p core 
level because of the various chemical environments surrounding Si in the film. Peaks 1 and 2 correspond 
to elemental Si, whereas peaks 3 to 5 correspond to Nitride, Oxide and Oxynitride environments 
respectively. Peaks 1 and 2 indicate the presence of unbonded Si present in the film characteristic of Si 
agglomeration in the film. Si agglomeration in the film was confirmed by HRTEM (Figure 1(b)), wherein 
formation of Si QDs dispersed in the a-SiNx:H is seen. Further it is inferred from the SAD pattern in the 
inset that the QDs are amorphous in nature. Subsequent to this the effect of Irradiation with 100MeV Ni 
ions on the optical and structural properties of SRSN is studied in this work. Figure 2(a) depicts the 
evolution of the UV Vis reflectance spectra of the a-SiNx:H films under increasing Irradiation fluence. 
The interference fringes depicted in the figure 2(a) show a leftward shift with increasing fluence which is 
attributed to the compaction of the films. However, in contrast to our results, Canut et al. report a 
swelling of silicon nitride films upon irradiation with 110 MeV Pb ions wherein they find increase in 
thickness upto 50 nm in films that were 150 nm thick prior to irradiation [10]. Reduction in thickness of 
the films is also evidenced by thickness measured by a single wavelength ellipsometer shown in figure 
1b. The compaction of the films is attributed to the significant out diffusion of molecular nitrogen and 
hydrogen, from the films due to the bond breaking and structural rearrangements within samples caused 
by high temperatures generated in cylindrical volume around the ion trajectory through the material. This 
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out-diffusion has been evidenced by residual gas analysis (not shown here) of the out-diffused species 
during SHI. Interestingly it was found from the RGA measurements that the out-diffusing species are 
molecular nitrogen and hydrogen rather than in atomic form. Arnoldbik et al [11] have studied and 
suggested a model for the out-diffusion of elements from silicon nitride thin films. Volatile species 
effusing out during irradiation determines the phase separation process as reported in our previous studies 
[12]. Further, the effect of Irradiation on the Photoluminescence of SRSN was studied. Figure 3 shows the 
PL spectra recorded using 337 nm laser as excitation source. PL Intensity decreases with increasing 
fluence. This is attributed to the creation of non-radiative defects upon irradiation. Also a peak shift 
towards blue with increase of fluence is evidenced. Silicon nitride is known to have optically active 
defects, namely, Si dangling bonds (DBs), Nitrogen defects apart from the QD luminescence. The peaks 
due to Si DBs and nitrogen defects are located towards the blue end of the visible spectrum with peaks 
around (±0.1eV) 2.4 eV and 3.0 eV respectively [13, 14].  On other hand, QD Luminescence is expected  
 
 
Fig.2. (a) The evolution of UV-Vis-Reflectance spectra for sample S1 under 
increasing irradiation fluence.(b) the evolution of refractive index (blue dots) 
and thickness (red dots) with fluence as measured by single wavelength 
ellipsometry at 632.8 nm. 
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Fig. 3. The evolution of PL Spectra excited with 
337nm laser upon Irradiation. Intensity 
decreases and the peak position is blue shifted 
with increase in fluence.  
 
 
   
to be in the red region of visible spectrum. This is plausible since the QD sizes inferred from the HRTEM 
image are in the range 3 to 9 nm. Only particles less than 5 nm (Bohr exciton radius) luminesce. 
According to the formula given by Park et al [4] for a-Si QDs the QD peak is expected ~1.9 eV. The blue-
shift in the PL peak is therefore attributed to the creation of optically active Nitrogen and Si dangling 
bond defects. Further the quenching of QD PL is due to creation of non-radiative traps at the QD-matrix 
interface. Given the high energies involved in irradiation the quenching of the QD luminescence could 
also be due to dissolution of the QD in to the matrix as reported by Singh et al [12]. Further 
Exc=337nm 
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characterization of these samples is under way in order to understand the phenomena responsible for the 
evolution of the PL spectra.  
Conclusions 
Significant modifications of SRSN thin films upon Irradiation are evidenced. The films undergo 
compaction due to out-diffusion of molecular nitrogen and hydrogen. The increase in refractive index of 
the films with increasing fluence, raises the possibility of tuning the refractive index of these films. The 
phenomena responsible for the strong modification of the PL spectra are to be further investigated with 
X-TEM measurements. 
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